Primary cell cultures from fetal bovine sternum were developed in Coon's modified Ham's F-12 medium containing 10% Nu-Serum, 1% Ultroser-G, and 200 mg of galactose per liter. Clones were obtained by colony isolation; one clone, BBE-1, was selected for characterization. BBE-1 cells exhibited typical endothelial morphology by light and electron microscopy and immunofluorescence for factor VIIIrelated antigen throughout their life span of 8 months. The cells showed mitogenic responses to endothelial cell growth factor, basic fibroblast growth factor, insulin-like growth factor types I and II, platelet-derived growth factor, ascorbic acid, and progesterone. Parathyroid hormone stimulated intracellular accumulation of cAMP in BBE-1 cells but not in endothelial cells from two other tissues. These clonal cells provide a useful system for studies on bone vasculature, including its interactions with other bone cells.
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Traditionally, function of endothelial cells has been assigned solely to maintenance of vascular integrity (1) . Recent evidence suggests, however, that endothelial cells display tissue-specific properties and are morphologically and functionally heterogeneous (1) (2) (3) (4) (5) (6) .
The vasculature of bone is important in skeletal development and repair (7) (8) (9) (10) (11) (12) and may direct new bone formation by serving as a scaffolding for osteoblasts (8, 10, 13) . In early osteogenesis, the cartilage may produce an antiangiogenic factor inhibiting vascular penetration (14, i5) . After vascular invasion, the hypertrophied cartilage core is degraded, possibly by endothelial cells (16) , and replaced by bone marrow and later by bone (9, 10) . The origin of the osteoblast has long been controversial. Precursor cells exist in bone marrow (17) (18) (19) (20) and may be brought into the cartilage core from the periosteum by invading blood vessels (9, 10) . Indeed, the intimacy of endothelium-osteoblast contact has led to the theory that the endothelial cell itself is the osteoblast precursor (13) . An in vitro model of bone endothelium might help clarify its function in bone formation and physiology. Endothelial cells have been identified in long-term cultures of bone marrow from mice (21) and in primary bone culture from bovine fetuses (22) , but they have neither been cloned from nor studied intensively in bone. We report here the characterization of a clonal strain of endothelial cells derived from fetal bovine sternum and present evidence that these cells are different from other endothelial cells studied heretofore. (Fig. 1A) and exhibited extensive branching and intercellular connections. At confluence, cells showed occasional sprouting (Fig. 1B) , numerous tubular structures, and "cobblestone" patterns of tightly packed cells (Fig. 1C) , three features typical of endothelial cells (27) .
MATERIALS AND METHODS
Beyond confluence, the complexity and number of tubular structures increased (Fig. 1D) . Late-passage cells (5 months in culture) showed evidence of senescence, with cellular and nuclear enlargement, but continued to form tubular structures and intercellular connections. After 8 months in continuous culture, the cells stopped growing.
In electron micrographs, the tubular structures were composed of tightly packed layers of parallel cells separated by interspersed matrix material ( Fig. 2A) Immunofluorescence for factor VIII:R Ag. Immunofluorescence for factor VIII:R Ag was more intense in early-than late-passage BBE-1 cells but was evident throughout the life span of the cells (Fig. 3) . Early-passage BBE-1 cells showed fluorescence intensity for factor VIII:R Ag comparable to that for calf pulmonary artery endothelial cells. Human skin fibroblasts showed no detectable factor VIII:R Ag (Fig. 3) .
Growth Rate. Doubling times were 48 and 130 hr for earlyand late-passage BBE-1 cells, respectively (Fig. 4) . ECGF-a at 10 ng/ml stimulated growth of the cells; heparin (50 ttg/ml) alone did not affect growth but potentiated the effect of ECGF-a (P < 0.005) (Fig. 5) . Proc. Natl. Acad. Sci. USA 86 (1989) Mitogenic Responses. ECGF-a, bFGF, IGF-I, IGF-II, insulin, PDGF, progesterone, and ascorbic acid were all mitogenic for BBE-1 cells (Table 1 and Fig. 6 ). TGF-13 and high doses of heparin inhibited thymidine incorporation (Table 1) . IGF-I (10-100 ng/ml) was mitogenic throughout the BBE-1 life span (data not shown) and was used as an internal positive control. No significant mitogenic effect was observed with transferrin (100 ng/ml to 1 mg/ml), thrombin (1 ng/ml to 100 ,ug/ml), salmon or human calcitonin (100 pM to 1 ,uM), testosterone (10 pM to 100 nM), estradiol (1 pM to 1 ,M), epidermal growth factor (100 pg/ml to 1 ,ug/ml), 1,25-dihydroxyvitamin D3 (1 pM to 1 ,uM), rPTH (100 pg/ml to 1 ,g/ml), or dexamethasone (100 pM to 1 AM).
cAMP Production. rPTH stimulated cAMP production in BBE-1 cells but not in endothelial cells from bovine parathyroid or bovine pulmonary artery (Fig. 7) . The maximal intracellular cAMP accumulation in BBE-1 cells was 930% ± 2% of basal at 1 ,uM (Fig. 7) . BBE-1 cells gave a smaller cAMP response to bPTH-maximal effect, 250% + 14% of basal at 1 ,uM (P < 0.008) with half-maximal effect at 100 nM. Pretreatment with dexamethasone and pertussis toxin (30) affected neither basal nor PTH-stimulated intracellular (4 ,uCi/ml; specific activity = 61 Ci/mol; 1 Ci = 37 GBq; ICN Radiochemicals)} and test substances for 24 hr. The cells were then washed with 0.5 ml of cold unlabeled 2 mM thymidine in PBS. After aspiration, 0.5 ml of 5% trichloroacetic acid was added, and samples were kept at 4°C for 10 min. The supernatant was aspirated and 0. -1) , bovine parathyroid, and bovine pulmonary artery. Cells were dispersed in 24-well plates and grown to confluence in medium A. Test substances were added for 10 min in Eagle's medium no. 2 containing 20 mM Hepes, 0.2% bovine serum albumin, 1 mM Ca2+, 0.5 mM Mg2+, and 0.5 mM 3-isobutyl-1-methylxanthine in a 37°C water bath. The medium was aspirated, 1.0 ml of0.1 mM HCl/1 mM Ca2+ was added, and the plate was stored at -20°C for later determination of cAMP by automated radioimmunoassay (29) . Each experiment was carried out at least twice and results, expressed as % over basal for triplicate samples, are shown from a representative experiment. SEMs were <10%. Basal cAMP production was 1.82 + 0.09 pmol per well for 24-well plates.
cAMP accumulation in BBE-1 cells (data not shown). Epinephrine stimulated intracellular cAMP accumulation in BBE-1 cells with a maximal effect of 295% + 14% of basal at 10 lM (P < 0.003) and a half-maximal effect at 1 ,uM. With isoproterenol, in BBE-1 cells, maximal intracellular cAMP accumulation was 370%o + 28% of basal at 10 ,uM (P < 0.002) with a half-maximal effect at 1 AM (data not shown).
Alkaline Phosphatase Production. BBE-1 cells, early or late passages, showed no detectable alkaline phosphatase activity. In the same assay, rate osteosarcoma 17/2.8 cells yielded activity similar to that reported in the literature (0.82 ,mol/min per mg of protein) (26) (the lower limit of detection in this assay is 0.10 ,umol/min per mg of protein).
DISCUSSION
We report here the initial characterization of a clonal cell strain of fetal bovine bone endothelial cells, BBE-1 cells. These cells display morphological features typical of endothelium (1, 27) : cobblestone patterns, sprouting, extensive branching, tubular structures, abundant perinuclear granules, and apparent transcytosis. No tight or gap junctions were detected. In endothelial cell cultures from umbilical vein, gap and tight junctions were found in primary culture but, after passaging of cells, became less frequent (27) . Thus, it is unusual to find gap and tight junctions in long-term endothelial cell cultures. In senescence, BBE-1 cells enlarge and grow more slowly, as observed in fetal bovine endothelial cells from aorta (31) . The total BBE-1 life span is 8 months in continuous culture. Factor VIII:R Ag was detected throughout the life span of BBE-1 cells, indicating retention of differentiated endothelial characteristics but diminished in intensity in senescence. A gradual loss of factor VIII:R Ag with cellular age was also described for human umbilical vein cultures (32 (42) , transferrin (3), and thrombin (3) are mitogenic; tests using testosterone, 1,25-dihydroxyvitamin D3, PTH, and calcitonin have not been described.
The cAMP response to PTH was found in BBE-1 cells but not in endothelial cells from calf pulmonary artery or bovine parathyroid. The half-maximal effect of rPTH on cAMP was greater than that of bPTH, as found previously in renal membrane preparations (43) . Others have shown cAMP production in response to PTH in rat cerebral (44) and rabbit renal (45) microvessel preparations and rat tail artery (46) , but we known of no previous report of this effect in endothelial cell cultures.
The response to catecholamines observed here has been reported with other endothelial cells (47) .
Many distinct cell types have been identified in cultures of bone, including osteoblasts, osteoclasts, endothelial cells, and fibroblasts, but the nature of their interactions is not clear. The availability of cloned cell lines of each cell type will facilitate the study of such interactions as well as help decipher cell lineages. The cAMP response to PTH is a hallmark of osteoblasts (48) . Bone marrow fibroblasts (19) and cultured limb buds from chicken embryos (23) respond similarly, suggesting that PTH responsiveness may also be a marker for osteoblast precursors, and perhaps the BBE-1 cell response signifies a relationship between bone endothelial cells and osteoblast precursors. Another possibility is that the PTH effect on vasculature influences bone marrow circulation. The fluctuating size of the bone marrow sinusoids (13) and the vasodilating effect of PTH (46) have been well described. Clones such as BBE-1 will enable further study into the role of endothelial cells in bone physiology.
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